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Edited by Lev KisselevAbstract It is known that eukaryotic ribosomes are able to
translate small ORFs and reinitiate translation at downstream
start codons. However, this mechanism is widely considered to
be ineﬃcient and it is not commonly taken into account. We
compiled a sample of human mRNAs containing small upstream
ORFs overlapping with annotated protein coding sequences. Sta-
tistical analysis supported the hypothesis on reinitiation of trans-
lation at downstream AUG codons and functional signiﬁcance of
potential alternative ORFs. It may be assumed that some
5 0UTR-located upstream ORFs can deliver ribosomes to alterna-
tive translation starts, and they should be taken into consider-
ation in the prediction of human mRNA coding potential.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Open reading frames (ORFs) in the 5 0-untranslated region
(5 0-UTR) of eukaryotic mRNAs, which are termed upstream
ORFs (uORFs), are emerging as important mediators of tran-
script-speciﬁc translational control [1–7]. However, in the vast
majority of cases, the role of uORFs in translation remains to
be elucidated. According to the scanning model, 40S ribosomal
subunits are recruited to the 5 0-terminal cap structure, scan in
a 5 0–3 0-direction, and can initiate translation at the ﬁrst AUG
they encounter [1]. Translation of downstream open reading
frames is possible by either leaky scanning or reinitiation. If
AUG codon context is suboptimal, some 40S ribosomal sub-
units recognize it as a translational initiation site (TIS), but
others may miss it, continue scanning in 3 0-direction, and ini-
tiate translation at downstream AUG (leaky scanning). For
mammalian mRNAs, the most crucial elements of AUG con-*Corresponding author. Address: Institute of Cytology and Genetics,
Lavrentieva Avenue 10, Novosibirsk 630090, Russia. Fax: +7 383
3331278.
E-mail address: ak@bionet.nsc.ru (A.V. Kochetov).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.03.014text are the purine at position 3 and guanine at position +4
[1,8].
It was also shown that eukaryotic ribosomes could translate
an uORF and reinitiate translation at downstream ORF. In
this case, the 40S ribosomal subunit remains connected to
the mRNA after termination at the uORF stop codon and re-
sumes scanning. Resumption of scanning and reinitiation in
mammalian systems occurs only if the ﬁrst ORF is short
[1,9–12]: it was assumed that after translation of a short uORF
some translational factors remain associated with the ribo-
some, which facilitates the reinitation process. According to
the available experimental data, reinitiation has been observed
following translation of a 10 to 12 codon uORF and has been
substantially reduced, but not abolished, when a 13 codon
uORF was lengthened to 33 codons [10]. In a diﬀerent study,
reinitiation occurred following translation of a 24 codon
uORF but not when the ORF was lengthened to 40 codons
[9]. In addition, reinitiation occurs more eﬃciently at longer
distances between the stop codon of the uORF and the next
start AUG. It is believed that in this case the 40S ribosomal
subunit has enough time for binding with the corresponding
translation initiation factors [10]. It was reported that the
lengthening of intercistronic space from 16 to 64 nucleotides
increased reinitiation eﬃciency from 16% to 38% [9].
According to recent evaluations, many eukaryotic mRNAs
contain uORFs – 30–40% of the transcriptome [13,14]. Com-
monly, reinitiation is not taken into account in a gene structure
prediction and mapping of translational start site because of its
supposedly low eﬃciency. However, it should be taken into
consideration that the translation eﬃciency of many eukary-
otic mRNAs must be low to prevent harmful overproduction
of proteins with regulatory functions, and uAUG/uORF are
frequently used to inhibit the translation eﬃciency of such
mRNAs [1,4,13,15]. Interestingly, short uORFs and the reini-
tiation mechanism can be used to control the choice of trans-
lation start sites and synthesis of functionally important
isoforms of some regulatory proteins [16–21]. For example,
mRNA of the transcriptional factor SCL contains four start
codons preceded by a short uORF. It was demonstrated that
ribosomes reach the ﬁrst SCL start codon mostly by leaky
scanning (skipping the uORF start codon), but the other three
protein isoforms are synthesized by ribosomes reinitiating
translation after termination at the uORF stop codon [17].blished by Elsevier B.V. All rights reserved.
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Fig. 1. Translation initiation signal with ‘‘addressing’’ uORF. Alter-
native translation start sites and open reading frames. The annotated
ORF (CDS) is marked by grey color. uORFs start at AUG codons
located within 5 0-untranslated region and overlap annotated CDS
(uORF; white box). If the uAUG is located in a suboptimal context,
ribosomes can initiate translation at both the start codon of CDS (by
leaky scanning mechanism) and the nextORF (by reinitiation mech-
anism). The nextORF starts at AUG codon located downstream from
the uORF stop codon (nextAUG): it can either encode a small protein
(the nextAUG is located out of the CDS frame; nextORF1, white box;
N.B., in a few cases such a nextORF can extend beyond the CDS 3 0-
end border), or encode an N-end truncated protein variant (the
nextAUG is located in frame with the CDS; nextORF2, striped box).
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four translation start sites. A short uORF located immediately
upstream of the second start codon is essential for initiation of
translation at the fourth AUG: in this case some ribosomes
after translation of uORF could skip the closely located sec-
ond and third start AUG codons and reinitiate translation fur-
ther downstream [16]. Human hepatitis B virus pregenomic
mRNA contains four ORFs (core, polymerase, surface and
X) and a highly-conserved 19-codons-long uORF overlapping
with the ﬁrst translational start sites. This uORF was found to
reduce translation from the ﬁrst AUG but increase translation
from the start codon of the second ORF by using the reinitia-
tion mechanism that maintains a certain balance between these
viral proteins [18]. It was proposed that uORF-mediated initi-
ation from the second start codon in mRNA of her-2 oncogene
resulted in N-terminally truncated HER-2 polypeptide by
reducing initiation at a more proximal start AUG codon [19].
It has been proposed earlier that many eukaryotic mRNAs
contain alternative translation start sites either upstream or
downstream of annotated TIS, and the proteins encoded can
be synthesized as isoforms with diﬀerent N-end segments. It
was assumed that in these cases ribosomes can recognize alter-
native TIS by leaky scanning, and new additional protein iso-
forms can diﬀer in functional properties [14,22,23]. It is also
likely that reinitiation of translation can be used as amechanism
for selection of alternative start sites and synthesis of alternative
protein isoforms [16–21,24]. Moreover, unlike leaky scanning,
reinitiation allows 40S ribosomal subunits to skip some AUGs
in the optimal context (including those located within the uORF
and in close proximity downstream of termination codon) and
initiate translation at the distant sites. However, the potential
role of regulatory uORFs in a selection of alternative translation
start sites was not evaluated and commonly has not been taken
into account in eukaryotic gene annotation procedures. This
can result in either incorrect TIS prediction or missing alterna-
tive TIS(s) and the corresponding protein isoforms. To evaluate
the importance of reinitiation, we selected a sample of human
mRNAs containing small uORFs overlapping with an anno-
tated ORF (CDS). It was widely suggested that such uORF po-
sition with respect to the main ORF resulted in an enhanced
inhibitory eﬀect because ribosomes cannot move backward to
reinitiate translation at the upstream AUG codons [1,10]. We
expect that some uORFs can be used as a component of a com-
plex translation initiation signal delivering ribosomes to down-
stream start codons.2. Selection of the mRNAs sequence organization of which could
facilitate reinitiation of translation
We compiled a sample of human mRNAs from the EMBL
nucleotide sequence databank. Overall, 56754 EMBL entries
were obtained at http://srs.ebi.ac.uk/ using the following search
ﬁelds and terms: ‘‘Organism’’, Homo sapiens; ‘‘Molecule’’,
mRNA; ‘‘FtKey’’, CDS; ‘‘Description’’, complete CDS. Of
these, 44416 nucleotide sequences contained both the complete
coding parts and 5 0-UTRs of lengths between 15 and 1000
nucleotides.
It was found that the general features of human mRNAs
(average length, base composition, and uAUG content) coin-
cided well with the earlier report [14] (data not shown). Over-all, 43% of the human cDNA 5 0-UTRs contained AUG
triplet(s). It was likely that some 5 0-UTRs with a high AUG
content could be translated by special mechanisms [25] or cor-
responded to poorly translated non-functional mRNAs [1]. In
order to avoid them, we took into account a subsample of
mRNAs containing only a single uAUG (7220 mRNAs).
The scheme of mRNAs of interest is shown in Fig. 1. In this
case, a small uORF overlaps an annotated ORF that could
facilitate reinitiation of translation at downstream start co-
don(s). We took into evaluation only the next AUG (i.e., the
ﬁrst AUG triplet located downstream of the uORF, further
designated as nextAUG). The ORF starting at the nextAUG
(nextORF) can be located either in frame with the CDS or
out of the CDS frame (Fig. 1: nextORF2 and nextORF1,
respectively; in a few cases in the absence of in-frame stop co-
dons nextORF1 can be relatively large and even expand be-
yond the 3 0-end CDS border).
Based on the available data on reinitiation-related sequence
features (e.g., [9,10]), we selected mRNAs according to the fol-
lowing criteria: uORF overlaps with CDS, and uORF size may
vary from 12 to 93 nucleotides (i.e., from 3 to 30 codons). Se-
ven hundred and ﬁfty-four non-redundant human mRNAs
satisﬁed these requirements. Samples of uORFs and nextORFs
were compiled. It was found that 297 mRNAs (39% of the
sample) contained nextORF located in the CDS frame and
potentially encode N-end truncated variants of annotated pro-
teins (see nextORF2 on Fig. 1; a detailed description of the
mRNA and nextORF characteristics is available as supple-
mentary material (Suppl. Table 1)).3. Analysis of reinitiation-associated features
The average size of a uORF was 52 ± 23 nucleotides
(mean ± S.D.). The average size of the intercistronic spacer
(i.e., the mRNA fragment between the stop codon of uORF
and the start codon of the nextORF) was 68 ± 77 nucleotides,
which provides enough space for noticeable reinitiation
[9,10,16,17,19,26]. It was suggested that one of the advantages
of reinitiation is the opportunity to deliver ribosomes to the
nextORF, while skipping all the AUG triplets located within
the uORF (‘‘reinitiation shunt’’, [10]). Importantly, 17% of
mRNAs in this sample were characterized by the presence of
at least one AUG triplet within the uORFs (in addition to
the annotated start codon).
Table 1
Nucleotide contexts of the start AUG codons of uORF (uAUG),
annotated CDS (translation initiation site, TIS) and nextORF (next-
AUG)a
Context uAUG (%) TIS (%) nextAUG (%)
Pu3 49 80 60
Pu3G+4 14 27 18
Py3 51 20 40
Py3H+4 39 14 29
aPu, purine (A or G); Py, pyrimidine (C or U); H, not G (A or C or U).
Table 2
Subcellular localization of annotated human proteins and their
putative N-end truncated variants (%) predicted with the TargetP
program
Location Annotated N-end truncated
Size of fraction MTPa SPa Othersa
MTPa 16 3 1 12
SPa 20 1 6 13
Othera 64 8 3 53
Total 100 12 10 78
aMTP, mitochondria targeting peptide; SP, secretory peptide. Subcel-
lular localizations of proteins were evaluated by TargetP software
(http://www.cbs.dtu.dk/services/TargetP/) used with default parame-
ters. In total, 25% of annotated proteins miss their targets (i.e., Tar-
getP prediction changed from MTP- or SP-containing to ‘‘Others’’),
9% of N-end truncated proteins retained localization of their anno-
tated counterparts (MTP or SP), and 11% of N-end truncated proteins
acquired sorting signals de novo (i.e., TargetP prediction was changed
from ‘‘Other’’ to MTP- or SP-containing).
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uORF, annotated ORF and nextORF were found to diﬀer (Ta-
ble 1). About half of all mRNAs contained uAUG in strong
contexts (purine at pos. 3, 49%). It is likely that these uORFs
can be translated eﬃciently (i.e., most ribosomes bound to
mRNA will translate the uORF if linear scanning mechanism
is used). Moreover, in the case of a very strong uAUG context
(purine at pos. 3 and G at pos. +4, 14%), the initiation of
translation at the annotated translation start site should be inef-
ﬁcient [1]. uORFs (39%) were characterized by a very weak con-
text (i.e., pyrimidine at pos.3 and a nucleotide other thanG at
pos. +4) allowing eﬃcient translation of the annotated ORF by
the leaky scanning mechanism [1]. Annotated TISs were fre-
quently characterized by strong (purine at pos.3; 80%) or very
strong (purine in pos. 3 and G at pos. +4, 27%) contexts. 60%
of mRNAs were characterized by the strong context of the nex-
tORF start codon (nextAUG) (Table 1).
We analyzed the correlations between mRNA features that
were considered to be important for reinitiation eﬃciency.
Pearsons product–moment correlation coeﬃcient (rp) and
Kendalls rank s correlation coeﬃcient (rk) were used for mea-
suring the correlation between the two variables. These coeﬃ-
cients are based on diﬀerent assumptions (parametric and
nonparametric); thus, the relation between the variables was
analyzed independently. We assumed that some in-frame next-
ORFs (potentially encoding N-end truncated isoforms of
annotated proteins) could be of functional importance and
their mRNA features would had been evolutionary adjusted
for more eﬃcient reinitiation. Thus, the samples of mRNAs
with in-frame and out-of-frame nextORFs were analyzed sep-
arately. It was found that uORF size negatively correlated with
the context of in-frame nextAUG codons (rk = 0.16
(p = 0.007); rp = 0.13 (p = 0.026)), but this was not observed
in the case of out-of-frame nextAUGs (rk = 0.013 (n.s., not
signiﬁcant); rp = 0.005 (n.s.)). Another interdependency
found was the positive correlation between the intercistronic
spacer size and the nextAUG context (rk = 0.075 (p = 0.05);
rp = 0.06 (n.s.)), and this was detected only for the in-frame
nextORF sample (out-of-frame: rk = 0.04 (n.s.); rp = 0.007
(n.s.)). Probably, these correlations reﬂect the functional sig-
niﬁcance of some N-end truncated protein isoforms; a shorter
uORFs, a longer spacer, and a more optimal nextAUG con-
text could provide a higher reinitiation eﬃciency [1,9,10,12].
We should note that the sample analyzed is artiﬁcially lim-
ited by the 5 0-proximal nextAUG: according to experimental
data, after the termination of translation at the uORF stop co-
don, ribosomes could reinitiate translation at several down-
stream AUGs [9,10,16,17,19,26,27]. Thus, it is possible that
some downstream AUGs, rather than the 5 0-proximal next-
AUG, could be functionally signiﬁcant. We could not take this
into account because of the lack of experimental data neededto predict an eﬃciency of reinitiation at several downstream
start codons.4. Comparison between annotated proteins and their potential N-
end truncated counterparts translated from alternative start
sites
The speciﬁc sequence organization of a selected mRNA sam-
ple could result in an additional synthesis of N-end truncated
protein isoform through the translation reinitiation mecha-
nism. These protein variants could possess diﬀerent functions
in comparison with their annotated counterparts [16,17,19].
However, if the nextAUG was located in a close proximity
to the annotated start codon, the protein isoforms could also
be isofunctional. To evaluate the functional diﬀerence between
the protein isoforms, we performed a comparative analysis of
the corresponding samples of amino acid sequences.
First, we compared the predicted subcellular localizations of
annotated and N-end truncated protein isoforms. It is well
known that N-terminal segments frequently contain informa-
tion on protein targeting. According to the obtained results,
38% of nextORF-encoded protein isoforms were predicted to
be localized in other cellular compartments (Table 2).
Indeed, annotated and N-end truncated protein isoforms
may diﬀer in functional features other than their subcellular
localizations. We assumed that if an N-end truncated protein
variant lost a protein segment possessing similarity to known
domain or functional site(s), this could reﬂect a functional dif-
ference between the protein isoforms [16,17,19]. The protein
segments located between the beginning of the main ORF and
the start codon of the in-frame nextORF were isolated (average
size of this segment was ca. 30 amino acids), and their similarity
to ProDom clusters (http://www.toulouse.inra.fr/prodom.html)
and PROSITE patterns (http://www.expasy.org/prosite/) was
analyzed. It was found that some N-end protein segments ab-
sent in N-end truncated protein variants possessed a similarity
to ProDom clusters and PROSITE patterns (32 and 72 proteins,
respectively; segments larger than 9 amino acids were used for
this analysis). Protein domains search was carried out through
the IPR data set version 8.1. A single iteration of the blastpgp
module of the BLAST package was used to generate alignments
between the search sequences and IPR data sets on a local
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ters were found to be adequate for these analyses and the e-va-
lue used was 0.01. The PROSITE patterns found for N-terminal
protein parts absent in N-end truncated protein isoforms
mostly included sites of posttranslational modiﬁcations
(ck2_phospho_site, myristil, pkc_phospho_site, asn_glycosyla-
tion, etc; details are available in the supplementary materials
(Suppl. Table 1)). However, it may be assumed that the N-ter-
minal position of the analyzed amino acid sequences makes pre-
diction more reliable since the N-end of a protein is commonly
exposed to the molecule surface [28,29] which is more suitable
for modifying enzymes [30–32].5. Translational conﬁguration of most uORF-containing
mRNAs is evolutionary conservative
According to the results obtained some human mRNAs are
characterized by a translational conﬁguration facilitating the
alternative translation and synthesis of N-end truncated pro-
tein isoforms. It is likely that some of these protein isoforms
can be functionally important. To verify this assumption, we
compared the sequence organization of 297 human mRNAs
potentially encoding N-end truncated protein isoforms with
their mouse and rat homologs. For this purpose, homologous
mRNA sequences were selected from GenBank with the aid
of a BLAST search (whole 5 0-UTR and 300 5 0-proximal nucle-
otides of CDS were used; only mRNA (cDNA) sequences were
selected). The translational conﬁguration of human–mouse and
human–mouse–rat homologous mRNAs was considered to be
conservative if either (i) positions of the uORF, TIS and next-
AUG within the mRNA were identical and no new functional
elements appeared, or (ii) the positions of the uORF, TIS or
nextAUG in the homologous mRNA were changed but the
general translational conﬁguration remained the same by satis-
fying the applied limitations (i.e., uORF sizes varied from 12 to
93 nucleotides, the annotated TIS was located within the
uORF, and the in-frame AUG was located near the position
of the nextAUG codon in the corresponding human mRNA).
In total, 91 homologous pairs of human and mouse mRNAs
and 61 nucleotide sequences of human–mouse–rat homologous
mRNAs were sampled. According to the results of the compar-
ative analysis, translational conﬁguration was identical in 70%
of mouse and in 62% of both mouse and rat homologs, and was
functionally similar in 82% and 79% cases, respectively (the
alignments of human–mouse and human–rat homologous
mRNAs are available as supplementary materials (Suppl_File1
and Suppl_File2, respectively)). Note that the mechanism of
reinitiation does not require conservation of amino acid se-
quences of uORF-encoded peptides: only the conﬁguration of
the uAUG, TIS, stop codon of uAUG, and nextAUG can inﬂu-
ence reinitiation eﬃciency in the general case [1]. It is likely that
the high level of identity (or similarity) between human, mouse
and rat homologous mRNAs reﬂects the functional signiﬁcance
of reinitiation and N-end truncated protein isoforms.6. Concluding remarks
In this work, we evaluated the potential functional signiﬁ-
cance of small uORFs in the selection of alternative translationinitiation sites in mammalian mRNAs. It was found that about
750 human mRNAs met the conditions favorable for reinitia-
tion and about 300 mRNAs could potentially encode the N-
end truncated protein variants which start at the nearest down-
stream AUG codon; note that this sample certainly represents
only a subsample of appropriate mRNAs because of the ap-
plied selection conditions (only mRNAs with a single uAUG
were used, only uORFs overlapping annotated CDS were se-
lected, and only the nearest downstream AUG codons were ta-
ken into account independently of their contexts and spacer
size). Interestingly, some sequence features of the in-frame
nextORFs potentially encoding N-end truncated protein vari-
ants correlated with mRNA characteristics facilitating reinitia-
tion (uORF size, intercistronic spacer size). Annotated
proteins and their potential N-end truncated counterparts also
diﬀered in predicted subcellular localizations (Table 2) and the
content of protein domains and functional sites. This may re-
ﬂect the functional signiﬁcance of some nextORF-encoded
proteins.
We analyzed the annotation in the Gene Ontology resource
with the aid of the GOblet www-tool [33]. Eighty-nine out of
297 proteins were characterized by GO terms associated with
‘‘development’’, ‘‘regulation of biological processes’’ and ‘‘re-
sponse to stimuli’’, i.e., with regulatory factors the expression
of which is commonly strictly controlled. Seventeen mRNAs
in this sample contained the uAUG in the particular optimal
context (purine at pos. 3 and guanine at pos. +4). If these
mRNAs are translated by a conventional linear scanning
mechanism, most ribosomes have to translate the uORF and
skip the start codon of the annotated main ORF. It is very
likely that the reinitiation of translation plays an essential role
in these cases. According to this assumption, mRNAs of some
regulatory factors could additionally produce N-end truncated
protein isoforms (e.g., nuclear receptor ERRG2 (human:
AF094518, mouse: NM_011935.2; rat: AB126962.1), thymic
stromal lymphopoietin protein TSLP (human: AF338732),
caudal type homeobox transcription factor 2 (human:
BC014461, mouse: NM_007673.2; rat: NM023963.1), ribo-
somal protein S6 kinase (human: BC036033; mouse:
NM_028259.2), atrophin 1 (human: BC051795; mouse:
NM_007881.4; rat: NM017228.2), death associated protein 3
(human: BC107488), thrombopoietin (human: D32047), etc.).
Additional information on the in-frame nextORFs and their
protein products is provided in the supplementary materials
(Suppl. Table 1; Suppl_Files 1 and 2).
Despite that this evaluation was based on a computational
study, the results obtained demonstrated the usefulness of a
detailed analysis of uORF-containing mammalian mRNAs.
In particular, the investigation of mRNAs with short ORFs
overlapping main ORF (or located very close to the main
ORF start codon) could result in the discovery of new protein
isoforms with novel biological functions. Taking into account
that reinitiation eﬃciency depends on general cellular transla-
tion activity and may be controlled in response to stress or
external stimuli (e.g., GCN4 [34], ATF4 [20], ATF5 [35], C/
EBPa and b [17], SCL [16]), the study of uORF-containing
mRNAs would reveal new important elements in cellular reg-
ulatory mechanisms. Computational analysis may assist in the
selection of potential translationally controlled mRNAs
encoding additional protein isoforms with the aid of ‘‘address-
ing’’ uORFs.
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